I. INTRODUCTION
T HIS PAPER is focused on a novel doubly fed induction machine (DFIM) control strategy using direct torque control (DTC) that is linked with two switching tables (STs). This control, which is called dual DTC of DFIM, is based on interaction between two STs that control the stator and rotor flux vector. It can be applied to motor process applications operating in wide variable speed range.
First, in [1] , a study on a DFIM with constant stator frequency and field-oriented rotor current control is described. DFIM stator is directly supplied by the grid, and a cycloconverter feeds the rotor windings. The disadvantage of this configuration is the speed operating range limited to 20%-25% of the nominal speed.
A new high-power inverter drive system is presented in [2] . Principles and experimental investigations are discussed. The authors used a DFIM configuration that is supplied by pulsewidth modulation (PWM) inverters that are linked with current controllers. The advantage of this configuration is the use of full-speed control range.
In this paper, we use the configuration presented in the general diagram in Fig. 1 . Each side of the machine is fed by a dc-link ac/ac converter. Both dc-link voltage levels are deduced from the DFIM design. The stator and the rotor windings do not have the same voltage rating; a step-down transformer between the ac network and the three-phase rectifier of the rotor winding supply is added. This drive can be used in industrial applications, such as steel rolling mill or marine propulsion systems.
In this paper, we proposed to replace current control PWM inverters studied in [2] by a DTC strategy. DTC allows controlling electromagnetic torque and flux magnitude. According to Buja and Kazmierkowski [3] , the main advantages of the DTC applied to squirrel induction machine are as follows.
1) DTC has a simple and robust control structure; however, the performance of DTC strongly depends on the quality of the estimation of the actual stator flux and torque. 2) DTC with STs provide excellent torque dynamics.
However, DTC does not allow direct current control. In this paper, we propose separate control of stator and rotor flux. In fact, in order to apply the DTC strategy to two voltage source inverter (VSIs) DFIM, we define a first ST to control the stator flux vector and a second ST to control the rotor flux vector. The next part of the control strategy makes it possible to control the interaction between the two fluxes. Consequently, we are able to control the electromagnetic torque and to regulate the mechanical speed. This is detailed in Section IV.
The validation of the control laws is made with an experimental device. This laboratory setup is composed of the following: 1) a DFIM (4 kW) and an incremental coder (1024 pts); 2) two VSIs with insulated grid bipolar transistor (IGBT); 3) a control system realized by a digital signal processor (DSP) and a field programmable gate array. 
where T em is the electromagnetic torque, N p is the number of pole pairs, L s and L r are the stator and rotor self-inductances, M is the mutual inductance, and
is the leakage factor. − → Φ s and − → Φ r are the stator and rotor flux space vectors, and γ is the angle between fluxes, as shown in Fig. 2 . This angle is referred to as torque angle. The constant K is defined as
The goal of this paper is to design a fast and robust DFIM control system. This means that the electromagnetic torque has to be controlled. Indeed, the idea is to maintain − → Φ s and − → Φ r to their nominal values and to control the electromagnetic torque by adjusting the torque angle γ. Consequently, we have to regulate flux vectors. The DTC strategy applied to this system will provide fast and robust torque and flux responses.
III. SYSTEM MODEL

A. VSI Model
The first VSI is connected to the stator windings, and the second one is connected to the rotor windings. Apart from the difference of voltage levels of the dc buses, the stator and rotor VSIs are identical. Fig. 3 shows a simplified scheme that represents one side of DFIM windings with its own inverter.
U 1 , U 2 , and U 3 are the switching sequence sent to the IGBT gates. Moreover, the stator or rotor star voltages are noted as V a , V b , and V c , and the dc bus voltage as E. In this paper, we consider an ideal dc supply. We define the voltage vector as
− → y and j 2 = −1. Table I is deduced according to the switching sequence.
B. DFIM Model 1) Two-Phase Model:
The three-phase/two-phase usual transformation is made with the power invariance hypothesis. During this study, we suppose that the homopolar component is null. We also suppose that the stator and rotor winding neutral points are not connected. Thus, we obtain a DFIM representation as follows.
1) The stator windings are placed in the stator stationary reference frame (S α , S β ).
2) The rotor windings are placed in the rotor stationary reference frame (R α , R β ). This reference frame is linked to the stator frame by its angular velocity ω. We can express the two-phase equations describing the electrical behavior as
In (3) and (4), we defined some inductance matrix not detailed in this paper (but detailed in [4] ). Owing to this model, we can easily solve this equation system and express the voltages (V S αβ , V R αβ ) according to the two-phase flux (Φ S αβ , Φ R αβ ). The solving of this system (unexplained in this paper) gives some expressions which can be shown by the block diagram in Fig. 6 . This figure presents the general block diagram of the DFIM two-phase model.
We express the Laplace operator as s and electrical rotor position as θ, and we obtain some disturbance terms noted as P S α , P S β , P R α , P R β that are defined as follows:
where:
We defined two transmittance terms that are linked to the stator windings S α , S β and to the rotor windings R α , R β , respectively:
1+σT r s .
(7)
2) Reduced Model: At the beginning, we adopt a "standard" assumption for the considered frequencies. It consists in neglecting the resistive effect in the windings compared with the inductive effect. We can observe that this assumption is particularly valid for high power machines. Consequently, we can express
A second assumption is used. It consists in neglecting the coupling terms P S α , P S β , P R α , P R β . This can be done because the coupling terms are a low value in relation to the nominal values of the voltages level
If we use the sign n for the nominal value of the considered term, this assumption can be expressed as
Consequently, these two assumptions allow expressing the flux as the voltage integrals. In fact, the inverter switching time (T e ) is significantly lower compared with the stator and rotor time constants T s and T r .
3) Global Model: Owing to the VSI and DFIM models, we formulate the global scheme shown in Fig. 7 . H m represents the mechanical transfer function. H load represents the load behavior. T l is the load torque, and Ω is the mechanical speed. 
IV. DIRECT TORQUE CONTROL
The switching sequences delivered to the IGBT drivers are selected in STs. These orders are calculated from the required DFIM electromagnetic states.
A. Principles of DTC
As shown in Fig. 7 , the stator and rotor flux vectors can be directly linked to the stator and rotor voltage vectors.
As previously expressed in [5] , we integrate (11) during a sampling period T e . Thus, the following equation is obtained:
The voltage vector application time is T e (equal to the sampling time). Consequently, V s and V r remain constant during the time interval [t n , t n+1 ], where t n+1 = t n + T e . Equation (12) can be rewritten as follows: In this example, if − → V s 1 is applied, the magnitude of − → Φ s increases, whereas the angular position (ρ s ) of − → Φ s decreases. When a specific voltage vector is applied, the evolution of ρ s and the magnitude of − → Φ s can differ according to the ρ s initial value. Therefore, we define six sectors in the stationary (α, β) reference frame given in Fig. 10 . Consequently, if ρ s is in the same sector, the use of identical voltage vector leads to a similar phase and magnitude evolution of the flux vector. We manage the rotor flux vector in the same way.
Thus, the voltage vector to apply depends on the following:
1) the sector number (according to ρ s and ρ r ); 2) the required flux angular position; 3) the required flux magnitude evolution. This is illustrated by the ST shown in Table II . Two independent STs are implemented in the control system. They allow to control the rotor and stator fluxes. Now, the DTC strategy is defined. Our purpose is to separate the stator and rotor flux adjustment. In this way, we control the flux interaction and, consequently, electromagnetic torque T em (1).
B. DTC Applied to the DFIM
We recall that the DFIM is constituted by sliding contacts between rotor winding connections and rotor windings. When the rotor is turning, we can only impose the rotor magnetic state in the rotor reference frame (not in the fixed stator reference frame). Fig. 11 shows a new reference frame where ω s is the stator flux angular velocity. An angular relationship can be deducted as
The control diagram set out in Fig. 12 shows the flux magnitude and phase control feedback. In this block diagram, Ω is the mechanical rotation speed. The rotation speed control is controlled by a PI compensator. Moreover, there is a torque saturation. Consequently, we use an antiwindup block in order to minimize the speed response time. In Fig. 12 , these blocks are not shown in order to simplify the overall diagram. According to Vidal and Pietrzak-David [6] , a ratio k allows to fix the angular velocity degree of freedom ω s in Fig. 12 .
V. EXPERIMENTAL RESULTS
A. Introduction
In this section, the experimental device and selected results are shown. This device uses the following: Configuration of the experimental setup is built around the DFIM stator and rotor windings. As shown in Fig. 13 , two VSIs are supplied by two independent dc links with different voltage levels. Indeed, a step-down transformer is used. Its primary windings are connected to the grid, and the secondary windings are connected to the rotor rectifier. Furthermore, we use a dc machine with a controlled rectifier to apply a variable load torque. The IGBT module is composed of three legs, and a supplementary IGBT is used for the braking stage.
DFIM drive process and its control are simulated in the SABER software environment. The model of the physical process is coding in MAST language, which is the SABER internal language, whereas the control laws are sampled and established in C language, and linked with MAST templates. Simulation control laws are similar to the experimental control laws coded in the DSP.
Main parameters of the experimental setup are given in Table III .
B. Comparison Between Simulation and Experimental Flux Control
1) Flux Vector Evolution in Polar Coordinates:
The evolution of the end points of flux vectors is presented in Fig. 14 . The flux is expressed in the stator oriented (S α , S β ) reference frame. It illustrates the flux modulus control behavior. During this experiment, the flux phase references change. They start at π/3 (magnetization step), and they describe one turn (during the startup). These results show that we are able to lay down the electromagnetic state in the DFIM. Indeed, we control the stator and rotor flux magnitude with a constant ratio between them. This ratio directly depends on the DFIM construction.
2) Flux Vector Evolution in Cartesian Coordinates: Fig. 15 shows the α and β components of stator and rotor fluxes. At time t = 0.1 s, the mechanical speed reference changes (startup), and we can see an abrupt change of rotor flux components. In fact, in Fig. 12 , there is a step change of speed reference Ω ref . Therefore, the speed controller output T em presents also a step change. Consequently, the reference torque angle γ and the reference of rotor flux position ρ r ref evolve. Fig. 16 shows the stator and rotor flux phases during startup. Similar to Fig. 15 , we can see a step change of angular position of rotor flux due to the startup. To conclude, the experimental results show that we are able to control the angular position and magnitude of the stator and rotor flux vectors.
3) Experimental Phase Control of Flux:
4) Speed Control Performance:
In order to show the variable speed drive behavior, we use the speed reference cycle shown in Figs. 17 and 18 . The mechanical speed behavior is satisfactory with regard to the imposed speed cycle.
The speed reference presents some step changes. To eliminate overcurrents in the machine, we choose a torque saturation value to 15 N · m. This experiment shows the behavior of the PI controller and its antiwindup, and also the DTC scheme developed in this paper. 3) development of flux-based DFIM mathematical model.
Further study improvement will include as follows:
1) sensorless operation (to remove speed and position sensor); 2) improvement of STs and control laws; 3) improvement of model (current model); 4) reduction of total harmonic distortion of stator and rotor currents.
